Osteoarthritis (OA) is a chronic, progressive, degenerative pathology. Inducing OA in an animal model is useful for studying the pathology and testing the effectiveness of new treatments. The object of the present study was to determine the macroscopic and microscopic changes occurring in rabbit temporomandibular joints (TMJ) at 15, 30 and 45 days after induction of OA by monoiodoacetate (MIA) and papain. 22 male rabbits were used in the experiment, divided into 3 groups: a control group (n=4) and two experimental groups, MIA (n=9) and papain (n=9). The progress of the disease was analysed at 15, 30 and 45 days after induction of OA. Morphological and histological analyses were carried out of the joint disc and the mandibular condyle. The most evident changes were expressed in the condyle and disc of joints with OA induced by MIA. The condyles presented deformation, fissures and loss of joint surface, the chondrocytes lost their morphology and organization. In more advanced stages there was loss of the mid zone of the joint disc. The effects of papain were associated with condyle deformation, disorientation of the chondrocytes in the middle layer, and proliferation in deep zones; there was also an increase in the extracellular matrix. Both inductors generated changes in the TMJ and its joint surfaces; MIA was more effective and coincided more closely with the classic signs of the evolution of OA.
INTRODUCTION
Osteoarthritis (OA) is defined as a chronic, progressive degenerative pathology, characterised by cartilage degradation, remodelling of the subchondral bone, synovitis, narrowing of the joint space, formation of osteophytes and chronic pain [24] . The repair process after cartilage damage involves inflammation, cell proliferation and synthesis of elastic, collagen and reticular fibres [11] . In the temporomandibular joint (TMJ), the most common signs and symptoms are swelling, palpable sensitivity to pain, crepitation, limited mandibular movement and functional impotence [5] .
Pre-clinical studies to induce OA in the TMJ facilitate description of the physiopathology of the disease, and are fundamental for testing new anti-rheumatic drugs or other types of therapy in order to evaluate the effectiveness of new techniques and the possible adverse effects of such treatments. OA can be induced surgically; this method produces good results in terms of degeneration and anterior displacement of the joint disc, however it may also determine damage to adjacent structures [22] . A mechanical model can also be used to induce OA, by impact, immobilisation and repetitive load [13] . Finally, OA can be induced chemically using carrageenan [21] , interleukin-1 [18] , Freund's adjuvant [9] , monoidoacetate [4] and enzymes such as papain [7] and collagenase [13] . The advantage of chemical induction of OA is that the concentration of the substances can be controlled, modulating the progression and gravity of the lesions [7] . Furthermore, chemical induction causes less suffering to the animal, which is not subject to the risks involved in surgery. OA induction by intra-articular injection is a quick, efficient method of producing the pathology in the joint components [14, 20, 24] , with symptoms such as thickening of the articular capsule, diminution in the trabecular bone volume of the subchondral bone [7] , exposure of the subchondral bone, diminution of the thickness and cellularity of the joint disc [4] . OA induction by monoidoacetate (MIA) reproduces cartilage lesions and functional deterioration of the joint, similar to OA in humans, by causing chondrocyte death [4] . OA induction by papain affects the components of the extracellular matrix of the joint, imitating the primary changes observed in the disease [4, 8] . In a previous work we observed by cone-beam computed tomography that both inductors (papain and MIA) were able to generate changes in the TMJ of rabbits compatible with OA [1] . Both inductors offer the great advantage of allowing the progression and severity of the joint lesions to be modulated easily [24] , however there is no comparison in the literature of their effectiveness in generating OA. The object of this work was therefore to compare the effectiveness of these two chemical inductors (papain and MIA) in generating morphological changes compatible with OA in rabbit TMJs.
MATERIAL AND METHODS
This study was carried out in accordance with the Ethical Principles and Guidelines for Experiments on Animals and with the Chilean regulations on the practical, educational and scientific use of vivisection. The study was approved by the Scientific Ethics Committee of Universidad de La Frontera, folio nº088/14.
Sample
Twenty-two young adult male rabbits, age 5 months, weight between 3 and 4 kg. of the New Zealand breed (Oryctolagus cuniculus L.) were used in the experiments. The animals were kept in individual cages, to which they were assigned at random. All the rabbits were kept under the same environmental conditions, with food ad libitum consisting of rabbit feed, greens and water, in the bioterium of the Centre of Excellence in Morphological and Surgical Studies (CEMyQ). The habitat was kept under appropriate light cycle, temperature and moisture. The rabbits were identified by marking their ears with indelible ink, and an identifying plate was affixed to each cage. They were monitored throughout the study by a veterinary doctor, controlling their pain and their intake of water and food.
OA Induction
The rabbits were divided at random into three groups: one experimental group with OA induction by MIA (n=9), one experimental group with OA induction by papain (n=9) and one control group which did not suffer OA induction (n=4) (Fig. 1 ). The rabbits in the experimental groups were anaesthetised by intramuscular injection of ketamine 5% (20 mg/kg) and xylazine (0.1 mg/ kg). OA induction was carried out by arthrocentesis in the lower compartment of the articular cavity of both TMJs of the rabbits in both experimental groups. OA was induced in the first experimental group by intra-articular injection of 3 mg of MIA dissolved in 50 μl of sterile saline solution in a single dose [7] . The reference point used for the injection was the posterior margin of the rabbit's eye; the zygomatic arch was penetrated deeply, 8 mm posterior of the reference point, with a 25G 5/8 hypodermic needle. The skin was shaved prior to perforation and the needle was inserted at an inclination of 45°-55° above horizontal in order to ensure entry into the articular cavity.
All the solution was immediately injected slowly. The same arthrocentesis technique was used to induce OA in the second experimental group [16] . The papain was administered together with L-cysteine activator, in 3 doses of 0.1 ml of solution 1.6% on days 1, 4 and 7 [14, 20] .
Euthanasia and Dissection
The rabbits were randomised again and three animals from each experimental group were specified on days 15, 30 and 45 after OA induction. Euthanasia was carried out by administering ketamine (35 mg/kg) and xylazine (5mg/kg) by intramuscular injection. The animal was observed to enter deep anaesthesia (verified by eyeball inspection), and then a double dose of anaesthetic was administered.
The region of the mandibular ramus was shaved and an incision was made with a scalpel. The masseter and temporalis muscles were displaced sequentially to expose the joint capsule. The TMJ was then removed en bloque using a hand saw.
Morphometric analysis
The right TMJ of each rabbit was used for morphometric analysis. The structures were separated to measure the mandibular condyle (height and transverse diameter), joint disc (thickness of the anterior zone, thickness of the posterior zone, height and transverse diameter) and the articular tubercle (anteroposterior diameter and depth). The measurements were taken in mm with a digital calliper (accuracy 0.01 mm).
Histological analysis
The histological analysis was carried out with the TMJ en bloque, fixed with formalin 10% for conservation purposes. The samples were decalcified with Ana Morse solution, dehydrated and clarified. They were then embedded in paraffin blocks and cut into 5 µm sections. The plates obtained were deparaffinized and rehydrated, and finally routine staining was carried out with Hematoxylin-Eosin. The plates were observed under an Axio Scope A1 microscope, Zeiss, Germany, and photographed with an AxioCamICc5 camera at 10x and 40x magnification.
Qualitative analysis of the severity of OA
The qualitative histological evaluation of the changes produced on the joint surfaces was based on the criteria of the Osteoarthritis Research Society International (OARSI), as described by Pritzker et al. [19] . In Pritzker et al.'s classification [19] , normal cartilage is classified as 0 and severity is classified in 6 different categories, 1-4 for articular changes and 5-6 for damage to the subchondral bone ( Table 1 ). The degree of severity (DS) was analysed by two blinded evaluators (M.M and A.V). The images were first coded and then randomised by computer. In cases of doubt or disagreement between the evaluations a third researcher was consulted (N.A.) to obtain consensus in the evaluation.
Statistical analysis
To analyse the morphometric results and the degree of severity we used the Kruskal Wallis test and the Mann-Whitney U test. To analyse inter-observer agreement for the degree of severity we used Cohen's kappa. The data were expressed as mean ± standard deviation (SD). SPSS statistical software version 22.0 (IBM) was used with significance level of 5%. GraphPad Prism 6.01 was used for all the graphs.
RESULTS

Morphometric changes in the mandibular condyle
At 15 days post-induction the mean values for the height and transverse diameter of the condyle were slightly larger in both experimental groups than in the control group. At 30 days, the mean value for the anteroposterior diameter of the condyle was smaller in the experimental groups than in the control group. At 45 days, the increase in the mean values was more evident for all the variables in the MIA group than the control group, however none of the measurements mentioned above presented statistically significant differences (Table 2) .
Morphometric changes in the joint disc
At 15 and 30 days, the mean values for the anterior zone, posterior zone, height and transverse diameter of the disc were slightly greater in the experimental groups than in the control group, but with no statistical significance. At 45 days the group with OA induced by MIA presented significantly higher mean values than the control group in the anterior zone (p ≤0.001), posterior zone (p =0.004) and disc height (p =0.005) ( Table 3) .
Morphometric changes in the articular tubercle
At 15 days evolution of OA, the depth of the articular tubercle in the MIA experimental group was significantly larger than in the control and papain groups (p =0.046) ( Table 4 ). At 30 and 45 days the mean anteroposterior diameter and the depth of the articular tubercle were slightly greater in the MIA experimental group than in the control group, but with no statistically significant differences.
Histological changes in the mandibular condyle (induction by MIA)
At 15 days a diminution was found in the thickness of the layers which compose the joint surface of the mandibular condyle, the joint capsule was very thin, almost non-existent, and the chondrocytes in the deep layers of the cartilage had become disoriented and formed isolated groups. At 30 days deformation was observed of the condyle surface, which lost homogeneity and became irregular. The joint capsule was scarce and small superficial fibrillations were observed. The amount of extracellular matrix increased in the middle layers, while in the deepest layer a disorganised proliferation of chondrocytes was observed. At 45 days articular damage was evident: irregularity was observed in the condyle surface, the superficial layers were non-existent due to delamination of the articular cartilage. Cracks were observed in the extracellular matrix, extending to the mid zone of the cartilage and generating superficial clefts. Chondrocytes were scarce and had lost their morphology and cell membrane, some empty patches were even observed ( Fig. 2A ).
Histological changes in the mandibular condyle (induction by papain)
At 15 days, the joint surface of the condyle was seen to be irregular, there was a slight increase in the extracellular matrix of the superficial layers of cartilage. At 30 days of evolution, the joint capsule was still easily identifiable, there was considerable increase in the extracellular matrix, the chondrocytes were disorganised in the middle layer and there was a proliferation of chondrocytes in the deep layer. At 45 days the joint surface was observed to be irregular, the joint capsule was thin, the chondrocytes of the middle layer were organised in isolated groups, with extracellular matrix predominating, no cracks were observed. The joint space between the condyle and the disc was considerably reduced (Fig.   2B ).
Histological changes in the joint disc
At 15 days the joint disc still conserved its normal configuration, however small tears were observed on the surface. At 30 days the peripheral tears remained and a smaller number of chondrocytes was observed; the external borders presented irregularities but the disc still conserved its morphology. In the TMJ with OA induced by MIA we observed that in addition to the changes to the condyle, the disc was perforated in the mid zone and chondrocytes were scarce on the edges (Fig. 3 ). In the TMJ with OA induced by papain we observed that the disc showed signs of tears, however chondrocytes could still be seen in its composition (Fig. 3) .
Analysis of the Degree of Severity
The inter-observer agreement for the degrees of severity of the OA was moderate (kappa=0.610, p <0.000). The histological changes found in both experimental groups affected mainly the joint surface of the mandibular condyle (Table 5 ) and the joint disc (Table 6 ). OA with DS 2.5 can be observed after 15 days of induction by MIA. The maximum DS was recorded after 45 days induction by MIA.
DISCUSSION
Pre-clinical studies are important because they allow us to evaluate and describe the pathogenesis of a disease [9, 12] , and also to carry out tests to analyse the effectiveness of new treatments, and possible adverse events related with these [23] . The rabbit is a suitable model for studying OA because of the structural and functional similarity existing between the human and the rabbit TMJ [7, 12, 15] .
OA can be induced in the TMJ of an animal model by the application of chemical inductors by arthrocentesis [4, 7] or surgically [22] . Chemical reproduction of OA by arthrocentesis presents advantages over surgical induction, since it is possible to control the concentration of the inductor, and therefore the progression and gravity of the lesion [7] . Furthermore the animals do not have to be subjected to surgery, resulting in lower risk and less suffering for the animal. Surgical induction also determines inflammation and joint damage produced by the trauma of an incision [2] , which could affect the inflammation and installation of induced OA.
In the present study, two different chemical inductors were applied by arthrocentesis to induce OA. OA generates macroscopic changes in the mandibular condyle, characterised by erosion and irregularity of the joint surface and presence of osteophytes [4, 7] ; this might explain the increase in the transverse diameter and height of the condyle found in the experimental groups in the present study. Furthermore, the thinning of the superficial cartilage layers agrees with the diminished values in the anteroposterior diameter of the condyle found in our study. In the present study, although the mean values for the mid zone of the disc were not significant, a considerable reduction occurred in the MIA group after 45 days due to the thinning, and in some cases disappearance, of this zone. A secondary cause of this situation is the damage to the condylar cartilage: the irregular, deformed condyle produces greater friction under movement, leading to evident changes which increase with the passage of time [2, 4, 25] . [19] , with delamination of the superficial layer, loss of chondrocytes and cartilaginous matrix, fissures reaching the mid zone, absence of the mid zone of the joint disc and peripheral tears. Artuzi et al. [2] also observed signs of erosion with loss of cartilaginous matrix after 60 days of induction by MIA, corroborating the findings of the present study. Güler et al. [7] reported that after 6 weeks of induction, the condylar cartilage presented a reaction characterised by thickening of the joint capsule, interruption of the osteochondral interface by multiple invaginations in the subchondral bone and hypocellularity of the chondrocytes. Cledes et al. [4] reported that the DS of OA is related with the exposure time and the concentration of the inductor applied [6] . In the present study, both inductors determined signs of OA from 15 days after induction, however the animals exposed to MIA for 45 days presented a greater degree of severity, showing that the type of inductor and the exposure time were related with the DS of OA.
Previous studies have shown that papain (0.2 ml concentrated) can cause fibrillation, osteoblast activity and death of some chondrocytes as early as 5 days after OA induction in the knee of mice [10] . After two weeks, these authors observed osteophyte formation and total necrosis of the cartilage with only a few chondrocytes; clusters and fibrillation were observed less frequently. Fifteen days after OA induction with papain, our findings confirmed OA of DS=2, with superficial fibrillation, chondrocyte clusters and hypertrophy, deep fibrillation and marked chondrocyte death. In a study of mouse knees, Murat et al. [17] injected papain; 15 days after the last injection, they observed that the joint presented an irregular surface, fibrillation, oedema and hypocellularity. These authors reported a direct proportion between the degree of degeneration and the time of induction, with findings at 4 weeks more consistent with osteoarthritic alterations [17] . Havdrup and Telhag [10] observed osteophyte formation around the edges, subchondral osteoblast activity and chondrocyte necrosis. In our study we did not observe progression of the disease with the passage of time; even at 45 days after the last papain injection, the degree of severity remained the same as was observed at 15 days, compatible with the initial phase of the disease. That papain did not determine a DS greater than 2 even after 45 days of induction may be related with the fact that the action of this proteolytic enzyme affects principally the collagen matrix, reproducing the primary stages of OA [3] .
In the present investigation, we observed that the joint disc suffered progressive histological alterations when MIA was used as the inductor. After 15 days the disc presented normal configuration, but with small tears on the surface; at 30 days small peripheral ruptures could be seen and significant chondrocyte diminution, and 45 days after induction the disc was perforated. Cledes et al. [4] also observed perforation of the joint disc, with exposure of the bone in the joint cavity 40 days after induction by MIA.
Induction by papain determined less significant changes; even 45 days after induction, the disc retained its morphology with few signs of tears. The severity and progression of the changes to the mandibular condyle and the joint disc were more expressive in the TMJs induced with MIA than in those induced with papain. Although the TMJs induced with papain presented signs compatible with OA, the signs were indicative of an initial stage of the disease. Future studies could investigate the use of higher concentrations in order to determine whether papain is in fact able to produce a higher degree of severity, or only initial signs of OA. TMJs induced by MIA (3mg/ml) showed a higher degree of severity 45 days after induction (DS=4), showing that this model can be used in studies to evaluate the effectiveness of OA treatments.
Limitations
One limitation of the present study was not analysing the OA for a longer period than 45 days, in order to check on the progression of the disease. However we note that degenerative signs were observed from day 15 after induction; at 45 days after induction by MIA signs compatible with OA could already be observed, and interventions could be carried out from that time. 
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